LU5J 



Reference to Related Application 

This application claims the benefit of the Tiling date of U.S. provisional patent 
application No. 60/362,928 filed 11 March 2002. 

Technical 
10 

This application relates to biosensors comprising DNA or other oligonucleotides for 
electronically detecting the presence of analytes. The sensors rely on changes in 
DNA conformation induced by binding of a target analyte to a receptor site of the 
sensor. The conformational changes modulate changes in charge transfer through 
15 the DNA, which is detectable either directly or indirectly. 

fiackgrpund 

Despite a lack of complete understanding of the mechanistic details of electron 
20 transfer through DNA, long-range electron transfer in double-stranded DNA is 

generally believed to be the result of a multi-step hopping reaction 1 * 2 . The consen- 
sus view is that a continuous base-stacking throughout the DNA duplex is essential 
for efficient charge transfer.. It has been shown that efficiency of charge transfer is 
reduced in duplexes containing mismatches 3 ' 5 and. bulges 6 . Proteins that bind and 
25 disrupt continuous base-stacking in duplex DNA also reduce the efficiency of 
electron transfer past the site of helix disruption 7 **. Despite the importance of a 
continuous base stack, not all perturbations to the helix prevent charge transfer, as it 
has been observed in helices containing abasic sites 9 and through short, single 
stranded overhangs 10 . However, even these latter structures are believed to 
30 base-stack to some extent, which permits charge transfer through them. 

Detection of charge transfer in DNA has been detected both directly and indirectly. 
Dehydrated DNA duplexes 11 or DNA fibers l2p b positioned between metal electrodes 
have had their conductivity measured directly. Indirect measurement of DNA 
35 conductivity has been made in aqueous solution, after inducement of charge transfer 
with a photoexcitable moiety (such as anthraquinone 13 , or rhodium(lll) complexes 
with aromatic ligands 14 ). The photoexcitable moiety is attached to one end of a 
duplex such that it lies in intimate contact with the *-stack of the DNA base pairs. 
The photo-excited states of anthraquinone and rhodium(III) complexes are powerful 
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• oxidising agents, and are able to collect electrons from guanines (via generatioaof a 
mobile radical cation, or electon hole) within the DNA duplex, from reported 
distances of up to >200 A away from the ligancF 0 - 6 ). According to the putative 
"multi-step bopping" mechanism referred to above, the radical cation moves, from 
5 guanine to guanine (guanine is the base with the lowest ionization potential). A 

. guanine upon which the mobile radical cation is transiently localized is somewhat 
susceptible to reaction with water and dissolved oxygen, leading to the formation of 
oxidation products such as diaminooxazalone and.2-aminoimidazalone 16 . As 
described herein, the position of the latter products along a DNA strand can readily 
10 be detected by sequencing gel -electrophoresis, since these products are base-labile 
and cause site-specific strand breakage on being treated with hot ptperidine. 

Despite disagreements on the precise mode of charge transfer within DNA du- 
plexes, investigators are in agreement that the electrical conductivity of DNA is 

15 dependent on its conformational state— specifically, on the integrity of its 

rt-stacking. While much of the research on DNA conduction has focused on 
"static" or relatively immobile DNA structures, the purpose of the present invention 
is to exploit changes in the conductivity of DNA, dependent on changes in its 
conformational state, to provide information about the DNA's environment- such 

20 as the presence or absence of a specific analyte. Tn other words, if conformational 
change in the DNA results from the binding of a particular analyte, then this should 
correlate with a change in the DNA *s conductivity, providing the basis for an 
analyte sensing device constructed from DNA or other oligonucleotides.. 

25 In nature, DNA is known to bind a variety of small molecules as well as 

macromolecular ligands. However, recent innovations in in vitro selection 
(SELEX) methods have resulted in DNA (as well as RNA) "aptamer" sequences, 
which are capable of specifically binding a variety of molecular species, including 
many that normally do not interact with DNA or RNA 17 . Such aptamer 

30 oligonucleotides frequently exhibit induced-fit folding behaviour (reviewed by 

Hermann & Patel 1 *), whereby the aptamer itself, largely unstructured in solution, 
undergoes significant compaction and structural stabilization upon binding its 
cognate ligand. 

35 Barton and colleagues 19 have reported the electronic detection of a DNA-binding 

protein, Whal methyltransferase, by virtue of the protein's interference in the charge 
conduction path of a duplex DNA. Wtal methylase works by binding to a target 
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G*CGC site on a double-helix, and extruding the target cytosine base (marked with 
an asterisk, above) out of the helix in order to methylate it. This extrusion naturally 
disrupts the conduction path through the helix and, thus, the level of conduction 
through the helix. While this approach demonstrates protein-modulation of 
5 charge-transfer through DNA, it requires the selection of a protein capable of 

extruding a base out from the DNA helix and is therefore not of general application. 
For example, unlike the present invention, the method could not be readily extended 
as a means for the detection of any protein, large or small, DNA-binding or not. 

10 It is also known in the prior art to detect conformational change in duplex DNA by 
binding of divalent metal ions. Lee and colleagues 20 have reported a methodology 
for the electronic detection of a DNA-binding protein. Following the binding of the 
protein to its binding site upon a DNA duplex, the DNA is convened to a 
metal-bound form ( n M-DNA") f widi a significantly higher conductivity than that .of 

15 standard B-DNA. The presence of the bound protein, however, interferes with 

M-DNA formation by its binding site, and therefore affects the overall conductivity 
of the duplex. While this approach is promising, die efficacy of this method for use 
in the detection of proteins that do not naturally bind to DNA, or which bind to 
non-duplex elements of DNA or RNA, has not yet been reported. 

20 

The need has therefore arisen for improved biosensors of general application for 
analyte detection. Since the detection means is electronic, the potential exists for 
use of such sensors for rapid and automated chip-based detection of small molecules 
as well as of proteins, macromolecules and other analytes. The sensors are also 
25 potentially useful as nanoelectronic switches and junction devices simulating solid 
state electronic logic gates. 

$ummarv of Invention 

30 In accordance with the invention, an analyte sensor comprising a first 

oligonucleotide stem, a second oligonuleotide stem, and a receptor site capable of 
binding the analyte is provided. The receptor site is operaiively connected to the 
first and second stems. The sensor is alterable between a first conformational state 
substantially impeding charge transfer between the first and second stems and a 

35 second conformational state permitting charge transfer between the first and second 
stems. The sensor switches between the first conformational state and the second 
conformational state when the analyte binds to. the receptor site. 



WO 03/076653 PCT/CA03/00330 

-4- 

The charge may be conducted between the first and second stems through the 
receptor site in the second conformational state. Alternatively, the receptor site 
may be removed from the conduction path between the first and second stems such 
that the receptor does not function as a conductor in either of the first and second 
5 conformational states. 

In one embodiment of the invention the sensor switches from the first 
conformational state to the second conformational state (i.e. resulting in increased 
charge transfer) when the analyte binds, to the receptor sice. In another embodi- 
10 ment, the sensor switches from the second conformational state to the first 

conformational state (i.e. resulting in decreased charge transfer) when the analyte 
binds to the receptor site. In either case, the change in charge transfer is measur- 
able to detect the presence of the analyte. The receptor site may be configured to 
bind to an analyte which does not ordinarily bind to DNA 

15 

The receptor site may comprise a nucleic acid apatmer selected for binding affinity, 
to a target analyte. The first and second oligonucleotide stems may each comprise 
helical DNA. In the first conformational state the base stacking of the helical DNA 
may be discontinuous or spacially distorted or misaligned in a switch region located 
20 at or near the receptor site in the first conformational state. When the analyte binds 
to the receptor, a conformational change to the second conformation state occurs, 
resulting in removal or lessening of the base stacking distortion or misalignment. 
This in turn results in increased charge transfer between the first and second stems 
in this embodiment. 

25 

In one embodiment of the invention a detector may be electrically coupled to the 
first stem and may directly measure the change in charge transfer through the sensor 
resulting from analyte binding. The detector may, for example, comprise a 
conductor or semi-conductor chip. 

30 

In other embodiments of the invention the change in charge transfer resulting from 
binding of the analyte to the sensor may be detected indirectly. For example, a 
charge flow inducer may be coupled to one of the first and second stems for 
triggering charge. flow in at least one of the first and second stems. The charge 
35 flow inducer may comprise, for example, a photoexcitable moiety, such as 

antraquinone or rhodium (III), coupled to the second stem. In these examples, the 
photo-excited states of such compounds are oxidizing agents which cause a net flow 
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of electrons toward the photoexcitable moiety. If the sensor is in the second 
conformational state this process results in the formation of oxidization products 
which may be detected, for example, by gel-eleccrophoresis. For example, the gel- 
electrophoresis may identify damage to specific guanine residues concomitant .with 
5 electron donation (and hence indicative of increased charge transfer between the 
first and second stems). 

In one embodiment of the invention the sensor may comprise a third oligonucleotide 
stem which includes the receptor site. The first, second and third stems may be 

10 connected together at a three-way junction. The binding of the analyte to the 
receptor site on the third stem modulates charge transfer between the first and 
second stems. At least one of the stems may include unpaired nucleotides in the 
first conformational state (e.g. non-Watson-Crick base pairs located near die three- 
way junction). Further, the sensor could optionally include a fourth oligonucleotide 

15 stem connected to the first, second and third stems at a four-way junction. The 

stems could each comprise helical DNA. Sensors constructed from other multi-stem 
nucleotide sensors (e.g. five, six or more nucleotide stems) may be configured in 
the same manner. In each case a conformational change to at least some of the 
stems occurs upon binding of the target analyte, which is detectable by directly or 

20 indirectly identifying a change in charge conduction. 

In a further alternative embodiment of the invention pairs of sensors may be 
configured to simulate digital electronics logic gates. Each sensor is notionally 
operable in one of two operating states, namely "conducting" (i.e. "on") and "non- 
25 conducting" (i.e. "off"). For example, the sensor may comprise two separate 
receptor sites and may only switch between the first and second conformational 
states when both of the receptors, bind to their respective target analytes. 

A method for detecting the presence of an analyte is also disclosed. The method 
30 includes the steps of (a) providing a sensor comprising first and second 

oligonucleotide stems and a receptor site operatively connected to the first and 
second stems and capable of binding the analyte as described above; (b) inducing a 
charge flow in one of the first and second stems of the detector; and (c) detecting 
any change in charge transfer between the first and second stems upon binding of 
35 the analyte to the receptor. 
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The step of detecting changes in electrical charge transfer may include electrically 
coupling a conductor or semi-conductor detector to the first stem and measuring the 
change in charge transfer; resulting from ahalyte binding. Alternatively, a charge 
flow inducer coupled to the sensor could be triggered to produce ah oxidizing agent. 

5 According to this protocol, the sensor is then tested for oxidation products. For 

example, the sensor could be heated in the presence of piperidine. The formation of 
oxidation products, and the specific site of DNA cleavage, may then be detected by 
gel electrophoresis. The direct or indirect detection of changes in electrical charge 
transfer may also be accomplished by other means known in the art, such as 

10 flourescence quenching. 

Rrief Description of Drawings 

: In drawings which describe embodiments of the invention, but which should not be 
15 . construed as restricting the spirit or scope of the invention in any way, 

Figure 1(a) is a schematic view of the Applicant's sensor design in the "coupled 
receptor" or "coupled ligand* 1 embodiment. The sensor is altered from a first 
conformational state (left) to a second conformational state (right) upon binding of 
20 an analyte (e.g. a ligand) to permit charge transfer in the direction indicated by 
arrows . 

Figure 1(b) is a schematic view of the Applicant's sensor design in the "integrated 
receptor" or "integrated ligand" embodiment. As in Figure 1(a), the sensor is 
25 altered from a first conformational state (left) to a second conformational state 
(right) upon binding of an analyte (e.g. a ligand). 

Figure 2(a) is a schematic view illustrating electrical conduction through a conven- 
tional DNA double helix having an anthraquinone moiety covalently tethered 
30 thereto. 

Figure 2(b) illustrates a sensor incorporating two unpaired nucleotides located at a 
3- way junction in accordance with one embodiment of the invention. 



35 Figure 2(c) is a schematic view of a DNA construct having a standard 3-way 
junction. 
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Figure 3(a) is a schematic view of a RNA/DNA heteroduplex. 

Figure 3(b) is a schematic view of a mixed or composite sensor comprising separate 
RNA and DNA strands. 

5 

Figure 3(c) and 3(d) are schematic views of sensors having 4-way junctions. 

Figure 4(a) is a schematic view of a protein-detecting sensor illustrating detection 
by physical interference. 

id 

Figure 4(b) is a schematic view of a protein-detecting sensor illustrating detection 
by adaptive binding. 

Figure 5 is a schematic view of sensor configured to detect nucleic acids. 

Figure 6 is a schematic view of a sensor designed to simulate an "AND" logip gate. 

Figure 7 is a schematic view of a sensor designed to simulate a "NAND" logic gate. 

20 Figure 8 shows a sensor which may be switched from an "ON" to an "OFF" logic 
state upon binding of a target analyte. 

Figure 9 shows a sensor which may be switched from an "OFF" to an "ON" logic 
state upon binding of a target analyte. 

25 

Figure 10 is a schematic view of a process for in vitro selection of sensors specific 
for a particular target analyte. 

Figure 11 is a schematic view showing the design of w integrated -ligand" and 
30 "coupled-ligand" sensors for detecting the analyte adenosine. In the absence of 
analyte, both sensors adopt open, unstructured conformations, which only allow 
charge transfer (indicated by arrows) in the oligonucleotide stem conjugated to the 
anthraquinone (AQ) moiety. Adenosine binding induces the folding and compaction 
of the adenosine aptamer, facilitating charge transfer from the detector to the AQ 
35 stems. 
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Figure 12 compares the nucleotide sequence of a control duplex with the aptamer 
domain of the sensor of Figure 11 (showing two bound adenosines). The extent of 
the aptamer domain is indicated (shown as boxed), with the two bound adenosines 
shown as outlined 'A's. "D w and tf P ff indicate guanine doublets distally and 
5 proximally located, respectively, relative to die covalendy conjugated anthraquinone 
(AQ) moiety. 

Figure 13(a) comprise phosphorimager traces of strand-cleavage data from the 
"integrated-ligaiuT sensor (lanes 8-14), and. from its duplex control (lanes 1-7). 

10 M P" and "D" indicate the positions of the proximal and distal guanine doublets 

shown in Figure 12. Lanes 4 and 11 show the control duplex and integrated sensor 
constructs photo-irradiated in the •Mg-Na' buffer (50 mM Tris-CI, pH 7.9, 2.5 mM 
MgCl 2 , 100 mM NaCl and 0.1 mM EDTA) with no added adenosine. Lanes 5 and 
12 included 2.5 mM adenosine, and lanes 6 and 13 included 2.5 mM uridine. 

15 Lanes 3 and 10 show background piperidine cleavage (using the same conditions as 
with the other samples) for non-photo-irradiated ("dark") controls for the duplex 
construct and for the AQ-labeled sensor construct, respectively. Lanes 1 and 8 
show constructs diat were neither irradiated nor piperidine-treated, while lanes 2 
and 9 show constructs tiiat were photo- irradiated but riot piperidine treated. Lanes 7 

20 and 14 show controls where 32 P-end labeled constructs lacking AQ were 
photo- irradiated in the presence of unlabeled constructs possessing the 
AQ- functionality. Maxam-Gilbert sequencing reactions were used to generate the 
M G" and W C+T M ladders. All photo-irradiation was with a 366 nm low-pressure 
lamp for 90 minutes (45 minutes for double-stranded controls) at 18*C f from a 

25 distance of 4 cm. Samples were then piperidine treated and run on a 12 % sequenc- 
ing gel (1 1 % for double stranded control). 

Figure 13(b) are phosphorimager traces as in Figure 13(a) but carried out in Mg 
buffer (50 mM Tris-Cl, pH 7.9, 2.5 mM MgCI2, and 0.1 mM EDTA) with photo- 
30 irradiation of 120 minutes at 18°C. 

Figure 14 is a graph showing adenosine-dependence of cleavage at the distal 
guanines of the "integrated-ligand" sensor construct. Samples of the sensor 
construct (0.5 ixM) were photo- irradiated for 90 minutes at 18°C in Mg buffer 
35 containing or not containing Na, in the presence of various adenosine concentra- 
tions. Following irradiation, samples were piperidine treated and loaded on 
sequencing gels. Strand cleavage, quantitated in a phosphorimager, were corrected 
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against 'dark/ non-irradiated, controls and normalized for the maximal observed 
cjeavage. 

Figure 15(a) shows the structure and sequence of the "coupled-ligand" sensor. The 
5 ATP aptamer domain is indicated as boxed, while the two bound adenosines are 
indicated by outlined ' A's. Guanine doublets in the 5'-32P-end labeled strand used 
to monitor charge transfer to the Sensor and Detector stems are indicated as H x M , 
*y", and V. The AoG mismatch at the junction was used since it gave superior 
results relative to Watson-Crick base pairs at that position. The arrow, on an 
10 adenine at the junction, indicates an adenine that showed an unusually high cleavage 
(see 15(b), lane 4, below). 

Figure 15(b) are Phosphorimager traces of strand-cleavage data from the 
"coupled-ligaiKT sensor construct, irradiated at 13°C for 180 minutes in the 
15 'Mg-Na' buffer. Lanes 3-5 show cleavage results in the presence of 2.5 mM 

uridine (lane 3); 2.5 mM adenosine (lane 4); and, buffer alone (lane 5). Lanes 1 
and 2 show the Maxam-Gilbert H G M and "C+T" ladders, respectively. Lane 6 
shows the background piperidine cleavage of the no n- irradiated construct. 

20. Description 

1.0 Description of Alternative Embodiments 

Throughout the following description specific details are set forth in order to 
25 provide a more thorough understanding of the invention. However, the invention 

may be practiced without these particulars. In other instances, well known elements 
have not been shown or described in detail to avoid unnecessarily obscuring the 
present invention. Accordingly, the specification and drawings are to be regarded 
in an illustrative, rather than a restrictive, sense. 

30 

. As used in this patent specification, the following terms shall have the following 
respective meanings: 

"analyte" means a molecular entity capable of binding to a receptor. Analyte may 
35 include chemical compounds, such as hormones or drugs, antigens, metabolic 

cofactors, nucleotides, nucleic acid segments, ligands, peptides, proteins, carbohy- 



WO 03/076653 



PCT/CA03/00330 



- 10- 

drates, fats or any other organic or inorganic materials capable of binding to a 
receptor. 

"aptamer" means a single or multi-stranded non-naturally occurring nucleotide. 
5 sequence that functions as a receptor. Aptamers may be identified by in vitro 
selection methods such as SELEX. 

"oligonucleotide stem" means singly or multi-stranded RNA, DNA or nucleic-acid 
like molecules capable of base pairing and permitting charge conduction under 
10 suitable conditions. The term includes stems composed of non-naturally occurring 
nucleic acid analogues, modified nucleic acids, non-standard nucleic acids and 
composite DNA/RNA constructs. 

"receptor" means a site on a sensor capable of binding an analyte. A receptor may 
15 comprise nucleic acids, proteins, other organic or inorganic materials, or combina- 
tions thereof. The term receptor includes naturally occurring receptor sites, 
aptamers, and rationally designed artificial receptor sites created de novo other.than 
by SELEX selection. 

20 This application relates to sensors 10 for electrically sensing the presence (and 

optionally the concentration) of analytes 12. As described below, sensors 10 may 
be configured to bind to a wide range of target analytes 12, such as antigens 
associated with particular disease states. 

25 As shown generally in Figure 1(a), sensor 10 includes a first oligonucleotide stem 
14 and a second oligonucleotide stem 16 which are connected together .at a junction 
18. Stems 14, 16 may consist of double helical DNA, for example. In other 
embodiments oligonucleotide stems 14, 16 may comprise other nucleic acid con- 
structs, including constructs containing synthetic or modified nucleic acid residues 

30 capable of base pairing. 

Sensor 10 also includes a receptor 20 which forms part of junction 18 or is located 
proximate thereto. Receptor 20 may consist of any organic or inorganic site capable 
of binding to an analyte. By way of example, receptor 20 may consist of a nucleic 
35 acid aptamer sequence selected to bind to a target analyte. 



WO 03/076653 



PCT/CA03/00330 



- 11 - 

In the illustrated embodiment first stem 14 functions as an electron donor and 
second stem 16 functions as an electron sink (although the reverse configuration 
would function similarly so long as a net charge transfer in either direction is 
established). As described in detail below, sensor 10 is alterable between a first 
5 conformational state shown on the left side in Figure 1(a) where the structure of 

junction 18 substantially impedes charge transfer between the first and second stems 
14, 16, and a second conformational state shown on the right side in Figure 1(b) 
permitting charge transfer through junction 18 between first and second stems 14, 
,16. Sensor 10 switches between the first and second conformational states when 
1 0 analyte 12 binds to receptor 20. In other words, the binding of analyte 12 to 

receptor 20 triggers a conformational change in sensor 10 resulting in a detectable 
change in charge transfer between first and second stems 14, 16. The 
conformational change may consist of adaptive folding, compaction, structural 
stabilization or some other steric modification of junction 18 in response to analyte 
15 binding Which causes a change in the charge transfer characteristics of sensor 10. 

As shown in the embodiment of Figure 1(a), receptor 20 is physically coupled to < 
junction 18 but does not form a portion thereof. In this embodiment receptor 20 is > 
located proximate to first and second stems 14, 16 but it does not form part of the 

20 conductive path in the second conformational state. This is sometimes referred to 
herein as the "coupled receptor" or "coupled-ligand" embodiment. As shown in 
the alternative embodiment of Figure 1(b), receptor 20 may form an integrated 
portion of junction 18 and hence part of the conductive path between first and 
second stems 14, 16 in the second conformational state (i.e. when analyte 12 binds 

25 to receptor 20). This is sometimes referred to herein as the "integrated receptor" or 
"integrated ligand" embodiment. 

As shown in Figure 1(a) sensor 10 may also optionally include a third 
oligonucleotide stem 22. Stem 22 may comprise receptor 20 and may be joined to 
30 first and second stems 14, 16 at junction 18. In this embodiment junction 18 

therefore consists of a three-way junction. Sensor 10 may also comprise four-way 
or other multiple stem junctions as described further below. 

Sensor 10 further includes a charge flow inducer 24 for controllably inducing 
35 charge transfer between first and second stems 14, 16 in the second conformational 
state. In one embodiment of the invention, the charge flow inducer 24 may 
comprise a chemical trigger coupled to second stem 16. For example, inducer 24 
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may consist of a photoexcitable, chemiexcitable or electrochemical^ excitable 
moiety which functions as a powerful oxidizing agent in its excited state. By way 
of example, suitable photoexcitable charge flow inducers 24 may include 
antraquinone (AQ) or rhodium (III) complexes with aromatic Ugands (anthraquinone 
5 is shown as a charge flow inducer in the illustrated embodiment). As will be 

appreciated by a person skilled in the art, inducer 24 could alternatively comprise a 
powerful reducing agent configured to cause net charge flow (i.e. in the direction 
opposite to that shown by the arrow in Figures 1(a) and 1(b)) when triggered). 

10 Charge transfer within sensor 10 may be detected either directly or indirectly in 
different embodiments of the invention. As shown in Figure Ha), sensor 10 may 
include a detector 26 coupled to first stem 14 for directly detecting, charge transfer 
between first and second stems 14, 16 in the second conformational state. Detector 
26 may comprise, for example, a semi-conductor chip or some other conductive 

15 surface for direct current measurements- In one alternative embodiment of the 

invention, charge flow inducer 24 may be omitted if stems 14, 16 are each directly 
connected to electrodes or other conductors (not shown) for directly inducing and 
measuring charge transfer between stems 14, 16. 

20 The use of DNA-based sensors 10 for direct electrical or electrochemical measure- 
ments has many potential advantages in the field of gene chip technology.. The 
technology for attaching DNA molecules to gold surfaces has already been worked 
out and optimized 31 ' Direct measurement of differences in charge transfer could be 
employed to achieve rapid and automated chip-based detection of small molecules a 

25 well as of proteins, macromolecules and odier analytes 12. 

In another embodiment of the invention, charge transfer in the second 
. conformational state may be. detected indirectly. For example, inducer 24. may be 
selected to function, when triggered, as a powerful oxidizing agent causing the 

30 formation of oxidation products. As described in detail below, the position of 

oxidation products along a DNA strand may be detected by sequencing gel-electro- 
phoresis to indirectly detect charge transfer. As mentioned above, one mechanism 
for explaining the electrical conductivity of double-helical DNA is by means of a 
"multi-step hopping reaction* whereby guanine residues donate electrons when 

35 subjected to oxidization. When triggered, inducer 24 acts as an electron sink 

capable of collecting electrons from guanines via generation of a mobile radical 
cation, or electron hole, within the DNA duplex. This effect has been reported at 
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distances exceeding 200 A away from the ligand"'- b ). According to the hopping 
reaction mechanism, the radical cation moves from guanine to guanine (guanine is , 
the base with the lowest ionization potential). A guanine upon which the mobile 
radical cation is transiently localized is somewhat susceptible to reaction with water. 

5 and dissolved oxygen, leading to the formation.of oxidation products such as 
diamihooxazalone and l-aminoimidazalone 16 . The position of the latter products 
along a DNA strand can readily be detected by sequencing gel-electrophoresis. since 
these products are base-labile and cause site-specific. DNA strand cleavage when 
treated with hot piperidine. It has been noted, in particular, that stretches of 

10 guanines, e.g. GG or GGG on a given strand, are especially susceptible to oxida- 
tion, with the S'-most guanine of these stretches usually the most oxidizable. 

It is therefore believed that conduction through a regularly ordered DNA helix 
(Figure 2(a)) depends upon (a) the continuity of the n-stacking interactions of the 
1 5 base pairs, and (b) on successive G-C base pairs in the duplex being separated by no 
more than approximately 2 A-T base pairs. Other considerations apply in the case 
of more complex structures, such as the sensors 10 of the present invention. As 
shown in Figure 2(b), two unpaired nucleotides (i.e. non-Watson-Crick base pairs) 
may be located at or near junction 18. Guanine electron-donation may be dependent 
20 upon the specific conformation of the three-way junction 18. In a standard three- 
way junction 18 (Figure 2(c)) steric interference between the three oligonucleotide 
stems 14. 16, 22 will normally preclude ordered coaxial stacking of any two of the 
three stems. Therefore the passage of electrons from the guanines (shown as dark 
stubs in the drawings) of first stem 14 to moiety 26 connected to second stem 16 is 
25 . less efficient relative to donation by the equivalent guanine in a conventionally 

ordered double helix. However, the presence of two unpaired nucleotides at or near 
junction 18 (Figure 2(a) ) does allow a 3-way junction to coaxially stack two of its 
three stems 14, 16, 22. Variables affecting the efficiency of base pair stacking in 
the region of junction 18 include the identity of the base pairs at the junction itself 
30 as well as reaction conditions, such as the ionic conditions of the solution. 

As indicated above, anthraquinone is convenient for use a charge flow inducer 24 
since it is a chemically robust entity that is not easily damaged by changes in 
temperature or pH. However, other such reagents are known (including other 
35 organic moieties, as well as various ruthenium and rhodium organometallic com- 
plexes containing aromatic ligands capable of intercalating into DNA), that are also 
suitable as photooxidants." 1 The ruthenium and rhodium complexes, moreover. 
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used together, can be used in a fluorescence-quenching detection method for 
monitoring charge conduction through DNA. 

As will be apparent to a person skilled in the art, different means for directly and 
5 indirectly measuring changes in DNA conformation and conductivity are described 
in the literature and may be used in conjunction with the present invention. 
Fluorescence methods have traditionally dominated instrumentation for DNA 
analysis: The disadvantages of fluorescent labeling are cost, linearity, sensitivity 
and the inherent need for analyte labeling. The detection of electrical properties of 
10 DNA through charge transfer reactions is also known in the art. For example, 

Barton and co-workers have usee! electrocatalysis to detect single-base mismatches 
in double-stranded DNA immobilized on a gold electrode surface by means of a 
thiol tether. Charge transport through the DNA duplex was detected as it shuttles 
from a redox-active DNA intercalator (methylene blue) to a redox species (ferri- 
15 cyanide). 21 Direct measurement of current fluctuations on a gold or other metal 
surface offers an attractive alternative to traditional fluorescence quenching. 

The present invention could be adapted for use with other data readout systems for., 
identifying changes in electrical conductivity caused by analyte binding and for 
20 amplifying target signals to enhance sensitivity. For example, possible detection 
. strategies include surface-enhanced resonance Raman scattering, surface plasmon 
resonance methods, acoustic wave sensors, and mass spectral analysis. 

As illustrated in Figure 3(a)- (d), sensor 10 may comprise a composite of different 
25 forms of nucleic acids in some embodiments of the invention (e.g. DNA, RNA and 
other modified or synthetic nucleotides). In the ceil, DNA is found essentially in a 
double-helical form (except in specialized elements, such as telomeres), whereas 
cellular RNAs are found in a wide variety of complexly folded shapes. Conse- 
quently, too, there is a larger variety of modes of protein-RNA interaction found in 
30 nature, relative to modes of DNA-protein interaction. In addition, in vitro selec- 
tion experiments have been carried out for a substantially larger number of RNA 
apiamers than DNA aptamers (although individual RNA and DNA aptamers are 
ofcen of comparable quality, complexity, and ligand-binding affinity) 14 . The large 
number of naturally occurring binding sites and aptamers made of RNA may be 
35 exploited in the design of sensors 10. For example, sensors 10 may be formed 

wholly from RNA, in which case charge conduction occurs through double-helical 
RNA. In modular sensors 10 a wholly DNA conduction path (i.e. oligonucleotides 
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14, 16) is coupled to a wholly RNA receptor 20. In mixed sensors 10 the conduct- 
ing path itself (i.e. oligonucleotides 14, 16) may comprise a RNA-DNA 
heteroduplex (Figures 3(a) and 3(b)). 

5 As will be appreciated by a person skilled in the art, indirect detection of charge 
transfer in oligonucleotide stems .14, 16 comprising RNA double helices may 
require different protocols than double-stranded DNA. As described above, 
oxidation damage at specific guanines in DNA is generally observed by heating 
DNA with piperidine, a process that leads to strand cleavage at the damaged 
10 guanines. With RNA, however, this procedure cannot be used, since RNA will be 
hydrolyzed non-specifically by hot piperidine solutions. As an alternative, RNA 
double helices (in which one strand has been covalently derivatized at its 5* end to a 
charge flow inducer 24, such as an anthraquinone moiety), may be treated with 
borohydride followed by hot aniline. This protocol is used to generate a 

15 dimethylsulfate G-ladder 22 for RNA, and it is expected that it will work similarly to 
detect oxidation products of guanines derived from RNA double helices. Of course, 
other direct or indirect charge transfer detection means could be employed as 
discussed above in the context of DNA double helices. 

20 Sensors 10 constructed from RNA stems 14, 16, 22 and receptors 20 may be useful 
for the detection of specific types of RNA-binding analytes 12, such as HIV Rev 
proteins. The small HIV-coded proteins, Tat and Rev, are among the best charac- 
terized of all RNA-binding proteins 33 . Their function is to bind to specific binding 
sites in the HIV genomic RNA (at the TAR and RRE RNA loops), and the binding 
25 of both proteins is crucial for the HIV life-cycle 23 . Tn structural terms, the binding 
of Tat to TAR and Rev to RRE, have the property of causing adaptive folding of 
these RNA loops to compact and stacked structures. High resolution NMR struc- 
tures of both the TAR 24 and RRE 2S RNAs (with and without bound protein) have 
indicated induced-fit folding of these RNA loops. The binding of Rev to RRE, in 
30 particular results in the closing of a large, and largely unstructured, bulge into a 
tightly hydrogen-bonded and stacked structure". This RRE loop will, therefore, 
lend itself to incorporation into an RNA sensor 10, for use as a receptor 20 of the 
HIV Rev protein analyte 12. 

35 The inventors have obtained a clone for HIV Rev, and purification of this protein is 
fairly simple. The RNA for constructing the sensors 10 may be obtained using the 
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in vitro T7 RNA polymerase system for underivatized RNAs, and from chemical 
synthesis (where the RNA needs to be derivatized with anthraquinone). • ^ 

Figures 3(a) and 3(b) illustrate modular RNA sensors incorporating RNA-DNA , 
5 chimaeric stems 14, 16, Mixed sensors 10 comprising a simple RNA/DNA . 

heteroduplex are shown. A study on such heteroduplexes has recently been carried 
out by Barton 26 , and it has been found that they do indeed conduct charge similarly 
to DNA 26 . The advantage of using RNA-DNA heteroduplexes (relative to duplex 
RNA) is that the guanines used for monitoring conduction can all be placed on the 
10 DNA strand and, hence, standard hot piperidine treatment can be carried out to 
detect oxidative damage to these guanines. 

Depending upon the application, receptors 20 comprising RNA aptamers may be 
more effective in binding a target analyte 12 than DNA aptamers. However, the 
15 sensitivity of detection may be dependent upon other factors as well, such as the 
"conformational information transmission" properties of the linking element (i.e. 
the structure or "communication module" connecting receptor 20 to the 3-way 
junction 18 and to the conducting stems 14, 16). . 

20 As indicated above, sensors 20 may comprise a fourth or other supplementary 

oligonucleotide stem 28 which is joined to stems 14,16 and 22 at a 4-way junction 
18 (Figures 3(c) and 3(d)). The properties and conformational transitions of 4-way 
helical junctions 18 (immobile Holliday Junctions) have been studied extensively, 
using a wide variety of techniques (reviewed in ref. 26a), and their conformational 

25 properties are, on the whole, better understood than those of 3-way junctions' 18. 
Unlike 3-way junctions, in which, depending on the context, two of the three (or 
none of the three) stems 14, 16, 22 may stack with each other (and, with different 
degrees of coliriearity), 4-way junctions 18 typically adopt a standard stacked 
geometry under physiological salt conditions, with the four stems 14, 16, 22, 28 

30 stacking up in pairs to give an X-shaped structure (shown in two dimensions as an 
H' shape in Figures 3(c) and 3(d), right). The choice of which 14, 16, 22, 28 
stacks with which other is significantly determined by the identity of the base-pairs 
at the junction itself. Under low-salt conditions, however, 4-way junctions adopt a 
opened up, cross-shaped conformation (Figures 3(c) and 3(d), left) with minimal 

35 stacking between the four stems 14, 16, 22, 28. 
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In accordance with one embodiment of the invention, sensor 10 may be configured 
. so that one of the four stems (e.g. stem 22 in Figures 3(c) and 3(d)) is a relatively ... 
unstructured receptor 20. According to this design, junction 18, in the absence of 
added analyte 12, will adopt a looser structure than the tight X-structure of authentic 

5 4-way junctions (i.e. resembling the looser structure shown in Figures 3(c) and 
3(d), left). The binding of analyte 12 to receptor 20, however, should fold that 
bulge into a helix-like stem; and, the presence, now, of this additional stem/should 
favour the formation of the classic X-shape. In such a design, one of the three 
preexisting stems of the junction would be designated the first or detector stem 14 — 

10 its identity empirically determined as that stem most responsive— in terms of 
enhanced charge conduction through its guanines— to binding of analyte 12. 

Depending upon their configuration, 4-way junction-based sensors 10 may provide 
sharply differentiated yes/no responses to the presence of analyte (given their 

15 propensity of 4-way junctions 18 to exist in one of two states— stacked or 

unstacked). It is also possible that better signal-to-noise ratios may be achieved . 
with 4-way junction sensors 10 than with their 3-way junction counterparts. As will 
be appreciated by a person skilled in the art, five-way or higher number junctions 1 8 
may be similarly employed in embodiments of the invention where more complex 

20 switching functionalities are desirable. 

As shown in Figures 4(a) and 4(b), sensors 10 may be specifically configured to 
detect protein analytes 12. In one mode, binding of the protein analyte 12 to 
receptor 20 physically inteferes with the electronic path between stems 14, 16 (and 
25 hence is detectable as reduction in charge transfer). In a second mode, the protein 
analyte binds to receptor 20, which may comprise a complexly structured DNA or 
RNA binding site, and cause an adaptive tightening and stabilization of that binding 
site (which, in turn, can be transmitted to stabilize or improve the charge conduc- 
tion path). 

30 

Figure 4(a) illustrates the binding of a relatively targe protein analyte 12 to either its 
natural binding site (for a DNA-binding protein) or to an aptamer element (for a 
non-DNA-binding protein) located at receptor 20 on stem 22. In this embodiment 
receptor 20 is located proximate to 3-way junction 18. Binding of the protein 
35 analyte 12 to receptor 20 could, by a process of physical interference by the protein 
(if the protein were bulky enough and positioned correctly with respect to the 3-way 
junction 18), alter the stacking geometry and, hence, the conduction path betweem 
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stems 14, 16, Naturally DNA-binding proteins, including transciption factors such 
as the TATA-binding protein, glucocorticoid receptor proteins, GAL4 from yeast, 
or CAP or the lac repressor from E. coli could be suitable, for example, for this >; 
sort of detection. As will be appreciated to a person skilled in the art, the specific 
5 location and orientation of receptor 20 on stem 22 (such as its distance from 

junction 18 and its position along the helical path of the stem) could be selected to 
ensure a steric clash of the bound protein with the first and second stems 14, 16. 

The sensor design shown in Figure 4(a) is configured to detect the binding of the 
10 cognate protein analyte 12 by a net decrease of charge flow through stems 14, 16. 
Alternatively sensor 10 could be configured to yield an increase in current upon 
analyte binding: This may necessitate starting out with a different design of 3-way 
junction 18, perhaps such that the second stem 16 is initially stacked with die diird 
stem 22 (containing receptor 20) rather than the first stem 14. 

.15 

Another potential way to detect the binding of certain protein analytes 12 (ideally, 
smaller proteins) might be on the basis of the adaptive folding of their RNA and 
DNA binding site(s) on receptor 20 (Figure 4(b) ). In exhibiting such binding 
behaviour, these proteins would functionally resemble the small molecule analytes 
20 12 (discussed above). 

Figure 5 illustrates an embodiment of the invention for use in binding and detection 
of nucleic acid analytes 12 (i.e. DNA or RNA oligomers). In this embodiment 
incomplete 3-way junctions 18 will be constructed, which will incorporate two 
25 complete stems 14, 16, coaxially stacked, as well as one of the two strands of a 
potential third stem 22. This dangling single-strand stem 22 would, essentially 
function as a receptor 20 for its complementary nucleotide sequence. In principle, 
the binding of an oligonucleotide of the correct length and with the correct 
complementarity to the dangling single-strand stem 22 (under defined conditions of . 
30 hybridization) would complete a strained 3-way junction 18 (Figure 5). In the 

illustrated embodiment, this results in the introduction of an enhanced steric strain 
in junction 18. The poor stacking of helical stems 14, 16 in such a strained junction 
18 (i.e. in the second conformational state) would lead to poorer conduction in first 
seem 14 relative to its more orderly stacked precursor (in the first conformational 
35 state). The single-stranded element comprising receptor 20, 15-18 nucleotides long, 
could in principle have any sequence or length, although the illustrated embodiment 
is on the order of 15 - 18 nucleotides long. Receptor 20 could even represent a 



WO 03/076653 



PCT/CA03/00330 



- 19- 

collection of sequences to make up a library sufficient to specify every 
• 15-18-nucleotide stretch of sequence present within a ~ 10 9 base pair genome. 

' The present invention also has potential application as a DNA conductor used in 
5 gene chips. Such chips typically consist of arrays of single-stranded oligomers; 

which are poor conductors. When, however, a complementary strand hybridizes to 
a given oligomer on the chip, that newly-formed double helix can be detected by 
virtue of its superior conductivity. This is an interesting conception; however the 
conductivity of individual- double helices formed in this way will vary widely 
10 (depending on the guanine-contem of the duplex, and the location of those guanines 
relative to one another). In other words, the electrical signal measured will vary, 
depending on what duplex has been produced, and this may give rise to ambiguity 
as to whether a positive (i.e. hybridization) signal is being observed or not. 

15 One advantage of Applicants invention as described above is that the two stacked 
stems 14, 16 making up the charge flow path could remain constant for the entire 
library and hence a clear signal will be generated for every single case of hybrid- 
ization of a target analyte 12 to a receptor 20, for example located on a third stem 
22. Thus, a hybridization event to a receptor 20 of any sequence should produce a 

20 standard conductivity enhancement (or decrease, as the case may be) in the conduc- 
tion path as the sensor switches between the first and second conformational states. 

As will be apparent to a person skilled in the art, various enhancements and 
modifications to the DNA/RNA conductor backbone and switching configurations 

25 of sensors 10 are possible without departing from the invention. For example, as 
indicated above, the structure of the nucleotide stems 14, 16, 22 and aptamer 
' sequences, at receptor site 20 may be varied to include non-naturally occurring 
. molecules, including nucleic acid analogues and nucleic acid-like molecules capable 
• of base pairing. . The synthesis and properties of modified oligonucleotides has been 

30 described in the literature (e.g. Modified oligonucleotides - synthesis, properties and 
applications, Iyer et ah. Current Opinion in Molecular Therapeutics (1999) 
l(3):344-358; Backbone Modification of Nucleic Acids: Synthesis, Structure and 
Therapeutic Applications, Micktefield, Current Medicinal Chemistry, 2001, 8, 
1157-1159, the text of which is incorporated herein by reference). Synthetic 

35 oligonucleotides could be configured, for example, to increase stability to enzymatic 
degradation, enhance affinity for binding to target analytes 12 or to optimize 
electrical conductivity. 
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Sensors 10 of the present invention are also potentially useful as nanoelectronic 
switches and junction devices simulating solid state electronic logic gates. As shown 
in Figure 6 - 9, each DNA sensor 10 is operable in one of two distinct states (e.g. 
- on " or "off * or "conducting" or "non-conducting"). Figure 6 shows an "AND" logic 
5 gate. As in several of the other embodiments described, a charge flow inducer 24, 

such as the oxidant anthraquinone "AQ", is tethered covalehtly to the end of a second 
stem 16. A pair of receptors 20(a) and 20(b) are disposed between the first and 
second stems 14, 16. In order to achieve electron flow in this embodiment between 
stems 14, 16, both of analytes 12(a) and 12(b) must bind to their respective receptors 
10 20(a) and 20(b). That is, binding of only one analyte 12(a), 1 2(b) is not sufficient to 
trigger electron flow between stems 14, 16. 

Figure 7 shows a "NAND" logic gate. In the "NAND" gate embodiment. receptors 
20(a) and 20(b) are configured to ordinarily not interrupt electron flow between the 

15 first and second stems 14. 16. However, when both of analytes 12(a) and 12(b) bind 
to their respective receptors, stems 14, 16 undergo a conformational change resulting 
in cessation or a reduction in electron flow (e.g. sensor 10 switches from the first to 
the second conformational state). As wiU be. appreciated by a person skilled in the art, 
other logic gate configurations employing coupled receptor sensors 20 could be 

20 chosen, such as "OR'\ "NOT\ depending upon the functionality required. 

Figures 8-9 and illustrate a similar concept employing a single coupled receptor 
sensor 10 disposed at junction 18 between first, second and third stems 14, 16 and 22. 
In Figure 8 the gate is ordinarily "ON" but may be switched "OFF" upon the binding 

.25 of analyte 12 which alters the conformation of at least some of stems 14, 16, 22 at 

three-way junction 18. The opposite configuration is shown in Figure 9 . That is, the 
logic gate is ordinarily "OFF" but may be switched "ON" upon the binding of analyte 
"12. These examples highlight the versatility and scalability of the coupled receptor 
sensor/switch concept described herein (i.e. where analyte binding event(s) are 

30 transformed into electrical signal(s)). 

Figure 10 illustrates an in vitro selection protocol approach for rationally designing 
sensors 10 for different categories of small molecules and macromolecules or other 
analytes 12. The protocol may be potentially employed to select receptors 20 for 
35 any molecule (regardless of whether there exists any natural RNA/DNA binding site 
for such a molecule or, indeed, an aptamer). 
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Figure 10 shows the design of a random sequence-containing library of 10 l 
individual sequences, and a scheme for the selection of receptors 20, to be carried 
out in the solution phase (as opposed to being immobilized on a column). A random 
sequence duplex DNA library (Figure 10, top), containing an N 40 random sequence 

5 region as well as a single 8-oxoguanine CO residue (a highly oxidizable base 
analogue 27 , superior to guanine, but too expensive to use routinely) in one of the 
two strands, will be treated in a standard fashion to obtain the *G-contaming strand 
as a single strand (the protocol for doing this involves immobilizing the duplex onto 
an avidin column using a single btotin attached to the mm-*G-containing strand, and 
10 then eluting off the other strand with a 0,2N sodium hydroxide solution)- The 

single-stranded library so obtained will be hybridized to a fixed-sequence, partially 
complementary, AQ strand (i.e. the second stem 16), containing a covalently 
attached anthraquinone residue on its 5' end. The hybridization of the library strand 
with the second stem 16 should give rise to a partial heteroduplex (Fig. 10, right), 

15 in which the element is looped out. It is anticipated, based on prior experience 
in the field 10 , that aptamer- or receptor binding-elements for particular analytes will 
emerge out of this element during the cycles of selection. 

The following, then, are the detailed features of this starting DNA complex (Fig. 

20 10, right) for our selections: the AQ strand, 45 nucleotides long, and of predeter- 
mined sequence, will have at its 5 r end a covalently tethered anthraquinone (AQ) 
moiety. The other strand (the "random strand"), 80 nucleotides long, will have, as 
its 5' and 3 l extremities, a 15-nucleotide and a 25-nucteotide fixed sequence 
stretches, fully complementary to the AQ strand. In the remaning 40 nucleotides of 

25 this random strand (N 4Q ) each nucleotide position will have an equal probability of 
being an A, G, C, or T (the generation of such random-sequence stretches within 
synthetic DNA molecules is routinely achieved by automated synthesis). The 
"random" strand will also be 32 P-labelled at its 5' end, and will feature die single 
8-oxoguanine residue, located 10 nucleotides away from the 5* end. 

30 

Figure 10 shows how the binding of a chosen analyte (i.e. ligand) to one or more 
individual sequences within the N 40 element (chat might constitute a binding site, or 
aptamer, for it)-- may lead to an adaptive folding of this binding sequence, in turn 
leading to an aligning and stacking of the first and second stems 14, 16, enhancing 
" 35 the current flow through diem (with enhanced oxidative damage to the 8-oxoguanine 
residue). In other words, the tight binding of analyte to one or more individual 
members of the 'random* DNA constructs, might, at least in a proportion of cases, 
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lead to enchanced oxidative damage to the 8-oxoguanine residue within those 
constructs. Heating with piperidine will then break these oxidized strands, shorten- 
ing them by 10 nucleotides relative to unoxidized strands. These shortened strands 
can easily be separated and purified by gel electrophoresis, recovered, and 
5 re-converted, using PCR, to full-length random strands to be used for the next 
round of selection. 

In carrying put such a selection we will have to take certain key precautions: (a) 
the unirradiated. "random strand" library will need to be pre-heated (prior to the first 

10 round of selection) with piperidine, to eliminate DNA strands that have collected 
lesions during automated DNA synthesis. Such a pre-treatment with piperidine, in 
the absence of prior oxidation, should not harm the 8-oxoguanine residue, which is 
relatively insensitive to piperidine. However, if diis pre-treatment leads to a high 
'background' cleavage at the 8-oxoguanine, we can switch to GG or GGG se- 

\ 5 quences to replace the 8-oxoguahine in our library design, (b) Stringent negative 
selections (i.e. in the absence of added analyte) will be carried out, to element 
random sequences that contribute to enhanced current flow along the first and 
second stems even in the absence of added analyte. 

20 A feature of the design shown in Fig. 10 is the presence of four ostensibly unpaired 
nucleotides (GCTA) at the centre of the second stem 16. These will permit a degree 
of flexibility in the choice of junction base pairs by emerging 3-way junction 
sensors during selection. 

25 Z& Examples 

'2.1 Example Synopsis 

Figures 11-15 illustrate an illustrative embodiment of the invention for detecting 
30 the presence of the analyte adenosine, which binds poorly, if at all, to 

double-stranded DNA but for which a high-affinity (K d ~ fjM) DNA aptamer 
sequence has been derived 28 . NMR studies have confirmed that this aptamer, upon 
binding two molecules of adenosine, shows a typical adaptive folding, forming a 
tightly hydrogen-bonded and stacked helical structure 29 . Accordingly, in this 
35 example, analyte 12 is adenosine and receptor 20 is the adenosine aptamer se- 
quence. Antraquinone is used as a charge flow inducer 24, namely a photoexcicable 
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moiety covalently coupled to second stem 16 for controllably inducing charge 
transfer. 

2.2 Materials and Methods 

• « 

5 

2.2.1 DNA Preparation. 

Unmodified DNA sequences were purchased from Sigma-Genosys and purified by 
PAGE before use. Sequences to be 32 P-end-labeled were pre-treated with 10% 
10 piperidine (90°C for 30 minutes followed by lyophilization) prior to 

S'-^P-kinasing and PAGE purification. Such a pre-treatment cleaved DNA 
molecules damaged during synthesis, leading in turn to lower background cleavages 
from photo-irradiation experiments, as previously described 30 . 

15 DNA sequences to be derivatized with anthraquinone were synthesized with a 

commercially available 5*-C6- amino functionality, and were purchased from the 
University of Calgary Core DNA Services. Generation of anthraquinone-modified 
DNA sequences was accomplished by reacting the N-hydroxysuccinimide ester qf 
anthraquindne-2-carboxylic acid 31 with the S'-Ce-amino functionality on the DNA. 

20 Coupling and purification protocols were as described for amine reactive dyes by 
Molecular Probes 32 with some modifications. 

Prior to coupling, the DNA was treated to remove nitrogenous contaminants from 
the DNA synthesis procedures. The dried DNA samples were first suspended in 

25 100 ddH20, and were extracted three times with 100 pi of chloroform. The 

DNA remaining in the aqueous phase was then precipitated by die addition of 30 pi 
1M NaCl and 340 pi 100% EtOH. Following mixing, the sample was chilled on 
dry ice for ~10 minutes, and then centrtfuged in a microfuge for 20 minutes to 
pellet the DNA. The pellet was washed once with 150 p\ of 70% aqueous ethanol ' 

30 (v/v). Following air-drying the pellet was dissolved in 100 pi ddH 2 0, the DNA 
. concentration of the solution was determined in a standard fashion.using UV 
absorbance measurements. 

The AQ-NHS ester (4.8 mg) was dissolved in 238 pi dimethylformamide. For each 
35 coupling reaction, 7 pi of this stock suspension was added to 75 p\ of a 100 mM 

sodium borate solution (pH 8.5). To the resulting mixture was added 8-15 m' (5-10 
nmoles) of the purified amino-labeled DNA. The tubes containing the coupling 
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mixtures were covered in aluminum foil and shaken overnight at room temperature. 
The DNA was then ethanol precipitated by addition of 27 ji\ of IK NaCl and 280 p\ 
Of 100% ethanol (the solution was chilled in dry ice and the precipitated DNA 
collected and washed as described above). The large pellet obtained (containing a 

5 significant amount of the uncoupled anthraquinone) was now, suspended in 50 ^1 of 
100 mM aqeous triethylamine acetate (pH 6.9), to which was added 100 pi chloro- 
form. The uncoupled anthraquinone partititioned into the chloroform phase, and the 
aqueous phase was now extracted two more times with 100 pel chloroform, prior to 
partial drying under vacuum to remove any residual chloroform. The DNA 

10 obtained was then purified by reverse phase chromatography on an HPLC using a 
CI 8 Bondapack column (Waters). 

The HPLC protocol was as follows. The solvent flow was continuous at 1 
■ml/minute, and the column was heated to 65°C. The initial conditions were: 
15 100% Solvent A (20; 1 of 100 nvM triethylamine acetate, pH 6.9 : acetonitrile) 

changing to 30% Solvent B (100% acetonitrile), over 30 minutes and with a linear 
gradient. After this period, the solvent was rapidly changed to 100% Solvent B, for 
15 minutes, before reconditioning the column to the starting conditions. 

20 The concentrations of the various products of the coupling reactions could be 

determined spectroscopically. Absorbance values for the conjugate were made at 
260 nm, using extinction coefficients for the individual bases obtained for single 
stranded DNA. £ ( 260 nm, M l cnV l ): adenine (A) = 15,000; guanine (G) « 
12,300; cytosine (C) = 7,400; thymine (T) f= 6,700; and, anthraquinone (AQ) = 

25 29,000. Typical yields of AQ-DNA conjugates ranged from 50-85% depending on 
the sequence of the DNA oligonucleotide being coupled, and the synthetic batch. 

2.2.2 Preparation of DNA Assemblies. 

30 DNA assemblies were formed by annealing mixtures of constituent DNA 

oligonucleotides (1 juM each) in 100 mM Tris-Cl, pH 7.9, and 0.2 mM EDTA. 
DNA solutions were heated to 90 °C for 2 minutes, and then cooled at a rate of 
2°C/minute to a final temperature of 20 °C. The solutions were then diluted 
two-fold with either 5 mM MgCl 2 , or with 5 mM MgCl 2 and 200 mM NaCl (the 

35 final solutions being defined as the 'Mg' and 'Mg-Na' buffers, respectively). These 
solutions also contained 2x concentrations of adenosine or. uridine in some samples. 
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After mixing, the samples were incubated for approximately 30 minutes at room 
temperature before photo-irradiation. 

2.2.3 Photo-irradiation, 

5 

Pre-incubated samples were placed under a UVP Black-Ray UVL-56 lamp (366 nm 
peak intensity, at 18 W) for 90 minutes at a distance of 4 cm from the bulb. 
Temperature was maintained by having the samples tubes placed in a water bath set 
to the desired temperature. Following photo-irradiation, the samples were 
10 lyophilized, and then treated with hot piperidine as described above. The treated 
DNA samples were then loaded on 11-12% sequencing gels and analyzed using a 
BioRad Phosophorimager. 

2.3 Results 

15 

2.3. 1 The lntegrated-Ligand Sensor, 

Experimentally, the most sensitive way to monitor changes in electrical conductivity 
at the level of individual nucleotides is to electrophoretically monitor DNA strand 
20 cleavage resulting from base-labile oxidative damage suffered by individual 

guanines 33 . This method of monitoring charge transport, often termed "water 
trapping", has been successfully used to monitor the long-range effects (> 150 A) 54 * 
354 of a variety of oxidant groups covalently attached at defined sites on the DNA 
(reviewed by Grinstaff 35b ). Figure 12 shows the DNA sequences and schematic of a 

25 potential "integrated" adenosine sensor, and of a "control" Watson-Crick duplex 
construct (the 32 P-labeled strand is identical in the two constructs). The 5' 
32 P-labeled strands in the constructs contain guanine doublets (GG) on either side of 
the ATP aptamer domain (or its Watsoh-Crick base-paired counterpart). The 
proximal ("P") guanine doublet allows convenient monitoring of charge transfer in 

30 the second (i.e. AQ stem) 16, while the distal ("D") doublet permits the same for 
the first (i.e. detector) stem 14. Guanine doublets have been used in preference to 
isolated single guanines for charge transfer measurements because of the former's 
higher reactivity (particularly that of the 5' guanine) in water trapping 
experiments 56 . The particular base composition of the duplex immediately adjacent 

35 to the AQ-tether was chosen because this sequence has been shown to promote 
efficient charge transfer from the tethered and photo-excited anthraquinone 3 '. 
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Upon photo-irradiation at 366 nm wavelength in Mg-Na buffer (50 mM Tris-Cl, pH 
7.9, 2.5 mM MgCl 2 , 100 mM NaCl and 0.1 mM EDTA), the 
antliraquinone-modified DNA constructs shown in Figure 12 showed distinctive 
oxidative cleavage patterns. Both the control duplex and the integrated-ligand 

5 sensor 10 exhibited significant levels of strand cleavage at the proximal ("P") 
guanine doublet in the presence of 2.5 mM adenosine (Figure 13(a), lanes 5 and 
12), 2.5 mM uridine (lanes 6 and 13) or no added nucleoside (lanes 4 and 11), 
relative to the 'dark' (or, unirradiated - lanes 3 and 10) controls. Dramatic differ- . 
ences between the constructs, however, were observed in cleavage at the distal 

10 CP") guanine doublet. In both the presence and absence of added nucleosides the 
control duplex exhibited identical levels of cleavage at the "D" guanines (lanes 4-6). 
However, the integrated-ligand sensor only exhibited significant cleavage at the "D" 
guanines in the presence of adenosine (lane 12), but not in the presence of uridine 
(lane 13), no added nucleoside (lane 1 11), or, in a 'dark 1 (i.e. unirradiated - lane 10) 

15 control. To test whether the cleavages observed arose uniquely from oxidation by 
the attached anthraquinone functionality, and also to test whether such putatiyely 
AQ-deperident cleavages occurred strictly in intra-molecular fashion, 
photo-irradiation was carried out on samples containing mixtures of 32 P-end-labeled 
constructs lacking anthraquinone and unlabeled constructs conjugated to 

20 anthraquinone. Lanes 7 and 14 show that no significant cleavage in the labeled . 

strands was observed, either for the double-stranded control or the integrated-ligand 
sensor construct. 

The fact that in the integrated-ligand sensor high levels of strand cleavage were 
25 observed only at the proximal ("P") guanine doublet in the presence of uridine (lane 
13), as well as in the absence of added nucleosides (lane 11, Figure 13(a)), indi- 
cated that charge transport in these cases was localized almost exclusively within the 
AQ stem 16 (as depicted in the model for this sensor 10 in Figure 11). By contrast, 
when 2.5 mM adenosine was present (lane 12) the same experimental procedure 
30 resulted in 5.0% cleavage at the distal (*D B ) guanine doublet (up from 0.26% 

shown in lanes 11 and 13) when photo- irradiated for 90 minutes. This reflects a 
'20 fold enhancement in strand-cleavage enhancement in the presence of the 
adenosine ligand analyte 12. This observation indicates that the adenosine-induced 
folded structure of the aptamer receptor 20 was indeed capable of facilitating charge 
35 transfer between the first (detector) and second (AQ) stems 14, 16. Interestingly, 
in the presence of adenosine, even the "P" doublet showed a small enhancement in 
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cleavage ( < 2 fold), consistent with an overall tightening and stabilization of the 
sensor construct. . 

When experiments similar to the above were carried out in the absence of NaCl (i.e. 

5 in the 'Mg' buffer: 50 mM Tris-Cl,; pH 7.9, 2.5 mM MgCi 2 . and 0. 1 mM EDTA), 
somewhat different results were observed (Figure 13B). The double-stranded 
control showed comparable cleavage patterns as seen in the *Mg-Na* buffer, i.e. 
strand cleavage was observed at the proximal (P) and distal (D) guanine doublets 
both in the absence (lane 4) or presence (data not shown) of 2 mM adenosine 

10 (relative to the 'dark 1 control— lane 3). By contrast, the integrated sensor construct 
exhibited significant strand cleavage at the distal (D) guanine doublet in the presr 
ence of 2 mM added adenosine (lane 12)— as also seen in the *Mg-Na' buffer 
(Figure 13(a). This increase in strand cleavage, from 0.98% to 7.3%, describes a 
^7 fold enhancement in the presence of adenosine. 

15 

The major difference observed for the sensor construct in the 'Mg' buffer (Figure 
13(b)), relative to the 'Mg-Na' buffer (Figure 13 A), was that in the 'Mg* buffer 
enhanced cleavage occurred at the proximal (P) guanine doublet in the presence of 
adenosine (lane 12 versus lanes 11 and 13, Figure 13(b)). This enhanced cleavage 

20 may reflect a proportionately greater stabilization of the duplex elements flanking 
the aptamer receptor 20 by the aptamer-bound adenosines in this relatively low-salt 
buffer. The inventors believe that this enhanced proximal G cleavage was not a 
consequence of the re-association of the strands of the sensor construct dissociated 
in the •Mg 1 buffer (non-denaturing gel electrophoresis experiments showed that the 

25 constructs remained intact in all buffers and experimental conditions used in this 
study— data not shown). 

Variations in solution conditions also affected the efficiency of strand cleavage at 
the distal (D) guanine doublet.as a function of adenosine concentration. Figure 14 
30 shows how in different solutions different binding affinities were observed for the 
adenosine ligand. In the 'Mg' buffer, half maximal strand cleavage was observed at 
18 fj.M adenosine, while in the 'Mg-Na* buffer, it was observed at 135 pM 
adenosine; 



35 2.3.2 The Coupled-Ligand Sensor. 
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The properties of a different sensor design, the "coupled-ligand" sensor (which also 
utilized the ATP aptamer, and is shown schematically in Figure U , lower) were . 
also examined. This second design does not depend on the conductive property of. [ 
the folded aptamer domain. The predicted lack of base stacking between the third 
5 stem (i.e. sensor) 22 stem and either of the first and second stems 14, 16 in the 
folded state was expected to prevent electron transfer between these regions. A 
coupled-ligand sensor 10 of this design, for detecting adenosine, was assembled 
from the DNA oligomers shown in Figure 15(a). In this construct, the aptamer 
bulge was separated from the three-way junction 18 by a single A-T base pair. To 
10 detect charge transfer in the various stems, the DNA strand shared by both the first 
and third stems 14. 22 was 5'- "P-labelled. Figure 15(b) shows the results obtained 
when samples were irradiated in the 'Mg-Na' buffer for 180 minutes. Tn the 
. . absence of added adenosine (lane 5), or in the presence of 2.5 mM uridine, no 

detetctable cleavage above the background level (lane 6) was observed at all 
15 positions. In the presence of 2.5 mM adenosine (lane 4), however, significantly 
enhanced strand cleavage (> 15 fold! enhancement in replicate experiments) was 
seen at the 5' guanine of each of the two-guanine doublets present in the first stem 
14 (indicated as x and y). Lack of detectable cleavage at these guanines in the 
absence of adenosine prevented the determination of an absolute ratio for cleavage 
20 enhancement; however, the lower limit indicated above (> IS fold) could be 

calculated. A. comparable enhancement, however, was not observed for the doublet 
(z) located in the third stem 22 (2-4 fold increase) as predicted by a structural model 
of this DNA construct. Irradiation experiments on a control construct for the above 
three-way junction 18. diat lacked the aptamer bulge but incorporated a Wat- 
25 son-Crick duplex (as with the 'integrated sensor'- see above) in place of the aptamer 
'arm' , yielded no modulation of strand cleavage in the presence of added adenosine 
(data not shown). 

The effect of different buffer conditions on strand cleavage in Uiis construct was not 
30 examined, as non-denaturing electrophoresis experiments indicated that this sensor 
construct was not sufficiently stable structurally in the low-salt *Mg' buffer (data 
not shown). 



3.0 Discussion 



35 



Experiments with the above two sensor designs, utilizing the ATP aptamer as a 
receptor 20, clearly demonstrate die utility of DNA conformational changes 
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(resulting from the adaptive binding of knalyte 12 to the DN A aptamer) in 
modulating charge-transfer through DNA. ? 

Investigations with the integrated-Hgand sensor 10, above, have demonstrated tt>at 
5 both the sensitivity of and signal enhancement from analyte-sensing depend 

significantly on solution conditions, itjremains unclear whether such differences 
reflect purely structural transformations of the aptamer in the different tonic 
strength solutions or whether they also reflect changes in the process of 
charge-transfer through DNA. 

10 

Comparison of the behavior of the integrated sensor 10 in the two ionic strength 
conditions tested indicates a trade-off between signal enhancement and sensitivity. 
In the relatively low-salt 'Mg 1 buffer a half maximal enhancement of ~3.5 fold 
enhanced cleavage at the distal ("D") guahine doublet was observed with 18 /xM 
15 adenosine, whereas in the higher salt 'Mg-Na' buffer a half maximal enhancement 
of '10 fold was observed with 130 fiM adenosine. In other words, die addition of 
100 mM NaCl generated a highly amplified signal, but at the cost of a tower 
sensitivity of adenosine detection. Such in unusual trend may result from the 
aptamer forming a subtly altered structure under higher ionic strength conditions, 
20 one that requires higher adenosine conlceijtrations to drive the equilibrium to the 
adenosme-bound form. The guanine rjich aptamer domain could potentially form 
foldback G-G base pairs or guanine quartets in the presence of NaCl 38 * 39 . In fact, 
guanine quartets were originally postulated to be a part of the folded aptamer 
structure when. the aptamer was originally identified 7 *. 

25 ! \ 

In addition, care must be taken in interpreting the results of the adenosine 
dependence data from Figure 14, since the curves may not directly reflect the 
binding affinities of the aptamer for its ligand. As described above, each molecule 
of this particular aptamer binds two; molecules of the adenosine ligand, and it is 

30 unclear whether the binding of only one imolecule of ligand allows charge transfer to 
occur to some extent or not. 

Comparing the efficiencies of conduction through particular DNA sequences has 
often been accomplished by comparing the ratios of cleavage at "proximal" and 
35 "distal" guanines (D/P or P/D ratios)'' 8 ' 34 ' 26 40 ' 41 . This comparison is an indicator of 
the efficiency with which charge transfer proceeds through a specified sequence of 
interest that is flanked by isolated guanines, doublets, triplets, or reactive bases such 
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as 8-oxoguanirie 9 or 7-deazaguanine* 1 . A comparison of conduction through the 
integrated sensor and through its double-stranded control gave D/P ratios, . . 

respectively, of 0 48 ± 0.07 versus 0.23 ± 0.04 in the f Mg-Na f buffer; and. 0.4 ±- 
0.08 versus 0.24 ± 0.05 in the 'Mg 1 buffer. Comparing these ratios at face value : . 
5 suggests that the aptamer domain is a somewhat superior conductor compared to the 
doubJe-stranded DNA control. However, direct comparisons of the sensor 10 and 
the duplex control may not be entirely appropriate. When irradiation experiments 
. were carried out such that comparable levels of strand cleavage were achieved at the 
distal ("D") guanine doublets in both the control and sensor constructs, a two-fold 
10 higher cleavage was observed at the proximal ( H P M ) guanine doublet of the double 
stranded control. The reduced efficiency of cleavage at the proximal guanines in 
the sensor construct must reflect a hindrance to charge migration into sequences 
influenced by the presence of the aptamer, given that the double stranded proximal 
stems are identical in both the sensor and double stranded constructs. Once a 
15 % mobile charge reaches the proximal (?") guanine doublet, it then appears that the 
•integrated-ligand* sensor better facilitates the transfer of that charge to the distal 
("D") guanine doublet in comparison to the double stranded control. A possible 
reason for the lower D/P ratios seen in the duplex control may result from the GG ; 
doublets situated between the H P* and *D W doublets on the AQ-modifted strand 
20 (Figure 12). These intervening doublets may be acting as 'traps', thus reducing the 
efficiency of charge transfer to the distal ("D") guanine doublet of the duplex 
control. Overall, it is still remarkable that the folded, mw-B-DNA aptamer 
• possesses a comparable if not more favorable conductive property than the B-DNA 
duplex control. 

25 

Besides the capacity of the ATP aptamer to modulate charge transfer between the 
acceptor and detector stems, interesting observations were made regarding the 
aptamer domain, specifically. Cleavage at the guanines located within the aptamer 
domain was observed to be low in both of the buffers used (Figure 13(a) & 3(b), 

30 lanes 11-13). Low cleavage in the absence of bound adenosine was lowered further 
upon the binding of adenosine. This observation may reflect the non-B helical 
structure of the folded aptamer domain. The high level of oxidation of the 5' -most 
guanine in guanine doublets is strictly true only for double-stranded B-DNA 42 . 
Single-stranded sequences 10 , and guanine quadruplexes 43 , for instance, do not show 

35 this pattern, This property of the aptamer guanines may explain the lower D/P ratio 
of the sensor, relative to that of the duplex control. 
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The demonstrated capacity of the DNA aptamer for adenosine/ATP to act as a 
conduit for charge transfer in the folded state is a property not likely shared by all 
aptamer motifs. In addition to inherent conductivity differences between different J 
aptamers, some aptamers, which are not formed from internal (bulge) loops, may : 
5 not easily be incorporated into duplex DNA. To design a more general sensor, 
capable of utilizing diverse receptors and aptamers, and responding to a variety of 
ligands/analytes, an immobile three-way helical junction was used as a starting point 
for a second design. This 'coupled-ligand' sensor (Figure 15(a)) also exhibited 
modulation of charge transfer from the Acceptor to Detector stems in response to 
10 adenosines binding to the aptamer element. This construct, however, required 

longer irradiation times (relative to that required for the integrated sensor) to obtain 
significant levels of cleavage at the guanine doublets (x and y in Fig. t5(a)) in the 
Detector stem. It remains to be investigated whether the lower charge transfer 
efficiency in the 'coupled-ligand' construct arose from the particular sequences 
15 chosen for the stems, or from the presence of the 3-way junction. Future work will 
also focus on determining the three-dimensional structure of this 3-way junction, in 
order to understand why significantly more strand cleavage was observed in the 
Detector stem compared to the Sensor stem. 

20 A deeper characterization of the 'coupled-ligand' sensor design, and of related 

architectures, is desirable given their broad potential for development as modular 
sensors. In the 'coupled-ligand* sensor there is only a requirement for a 
conformational change in the analyte-binding (aptamer or receptor) domain upon the 
binding of the analyte, and not for an inherent ability of the binding domain to 

25 permit charge transfer through its own structure. The side-on placement of the 
analyte receptor should also be applicable in the design of hybrid sensors that are 
not composed entirely of DNA. Such hybrid systems may possess binding domains 
consisting of RNA, proteins or other organic "host" entities (such as crown ethers; 
cryptands, and others) that undergo a conformational change upon binding the 

30 appropriate "guest" molecule or ion. 

The guanine damage- and electrophoresis-based detection methodology used in this 
Example were necessary for single-nucleotide resolution investigations of the charge 
conduction pathways in the sensors. Here, we have used them to demonstrate that 
35 ligand- induced conformational changes can indeed be used to modulate charge 

transfer through DNA. However, to develop this technology for the rapid detection 
of ligand molecules other detection methodologies will need be employed. The 
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most likely scenario would have the DNA sensor constructs functional ized onto 
metal or other surfaces such that direct measurements of current flow can be. made. ^ 
; Reports of successful coupling of modified DNA to electrodes and the direct 
monitoring (by chemical reaction in solution or photo-excitation) of hybridization 
5 via charge transfer through the resulting duplex 3 , 4 ~ 5 . suggests that aptamers can 
also be used in this way towards the development of novel DNA-based sensors. 

For the applicability of this technology as a practical detection method, the 
sensitivity of detection must be sufficient. As described, the sensitivity of this 

JO system is limited by the affinity of the incorporated aptamer sequence for its target 
ligand (given that the magnitude of the signal is proportional to the fraction of 
sensor constructs bound with ligand). The ATP aptamer described in this 
Examplepossesses a dissociation constant in the fiM range for the adenosine ligand. 
Such a binding affinity would be insufficient for a practical sensor intended to 

15 monitor, for instance, hormone levels in blood (for which, sensor-anal yte affinities 
in the low nM to high pM range would be required). Binding affinities of the nM - 
pM range, however, are possible and have been obtained with nucleic acid 
aptamers; for example, an RNA aptamer selected for binding to the aminoglycoside 
antibiotic tobramycin, possessed a binding constant of 770 pM 44 . 

20 _ . 

More broadly, the receptor component of such DNA sensors need not in itselt be 
composed of DNA or RNA as discussed above. Organic or inorganic hosts, which 
undergo significant conformational change upon binding their cognate guest could, 
in principle, be incorporated in place of DNA or RNA aptamers into the design of 

25 such sensors. 

Harnessing the potential of conformational switches in nucleic, acids is a relatively 
new endeavor. It has been used, to date, in the development of a mechanical 
switch 47 , allosteric enzymes 48 and, now, electronic devices. The ability to monitor 
30 the presence and concentration of analytes electrically promises the development of 
rapid, DNA-based, solid-state" detection devices for virtually any compound. 

As will be apparent to those skilled in the art in the light of the foregoing 
disclosure, many alterations and modifications are possible in the practice of this 
35 invention without departing from the scope thereof. Accordingly, the scope of the 
invention is to be construed in accordance with the substance defined by the 
following claims. 
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